Prediabetes is associated with low-grade chronic inflammation that increases the risk for developing type 2 diabetes (T2D) and cardiovascular disease (CVD). An elevated lipopolysaccharide concentration, associated with dysbiosis of the intestinal microbiota, has been implicated in the development of both T2D and CVD. Selective modulation of the intestinal microbiota with prebiotics reduces intestinal permeability and endotoxin concentrations, inflammation, and metabolic dysfunction in rodents. The effect of prebiotic supplementation on cardio-metabolic function in humans at risk for T2D is not known. The primary aim of this trial is to determine the influence of prebiotic supplementation with inulin on insulin sensitivity and skeletal muscle metabolic flexibility in adults at risk for T2D. We hypothesize that prebiotic supplementation with inulin will improve insulin sensitivity and skeletal muscle metabolic flexibility. We will randomize 48 adults (40-75 yrs) with prediabetes or a score ≥5 on the American Diabetes Association (ADA) risk screener to 6 weeks of prebiotic supplementation with inulin (10 g/day) or placebo. Subjects will be provided with all food for the duration of the study, to avoid potential confounding through differences in dietary intake between individuals. Intestinal permeability, serum endotoxin concentrations, insulin sensitivity, skeletal muscle metabolic flexibility, endothelial function, arterial stiffness, and fecal bacterial composition will be measured at baseline and following treatment. The identification of prebiotic supplementation with inulin as an efficacious strategy for reducing cardio-metabolic risk in individuals at risk of T2D could impact clinical practice by informing dietary recommendations and increasing acceptance of prebiotics by the scientific and medical community.
Introduction
In 2012, approximately 86 million U.S. adults aged 20 years and older had prediabetes [1] . Low-grade chronic inflammation plays an integral role in the pathogenesis of atherosclerosis [2] [3] [4] , and may increase risk for development of type 2 diabetes (T2D) [5] [6] [7] [8] and cardiovascular disease (CVD)-related events [4, 5] . Numerous studies in animal models [9] [10] [11] [12] [13] and humans [14] [15] [16] [17] [18] have implicated the intestinal microbiota (i.e., bacteria residing in the gastrointestinal tract) in the pathophysiology of obesity and T2D.
Studies in both human and rodent models suggest that the consumption of a high fat/high sugar, westernized diet may lead to changes in the composition/activity of the gut microbiota (e.g., depletion of Bifidobacteria), increase intestinal permeability to luminal antigens, and cause metabolic endotoxemia, i.e., elevated endotoxin concentrations [9, 11, 19, 20] . In turn, metabolic endotoxemia is associated with the development of a low-grade chronic inflammatory state, obesity and insulin resistance in rodents [9, 11] . In humans, endotoxin concentrations are higher in prediabetes and T2D compared with normoglycemic individuals. [21, 22] In addition, elevated endotoxin concentrations are associated with an increased risk of incident T2D [23] . Importantly, Frisard et al. [24] demonstrated that skeletal muscle, the primary site of insulin stimulated glucose disposal, is a target for circulating endotoxin. Furthermore, low dose endotoxin concentrations, consistent with metabolic endotoxemia, activate skeletal muscle TLR4 resulting in state of metabolic inflexibility consistent with that observed in insulin resistance and T2D [25, 26] .
Several lines of evidence implicate the gut microbiota in mediating CVD risk [27] . First, serum endotoxin increases progressively with the number of metabolic syndrome components [23] and with the 10-yr. CVD risk score [28] . Second, endothelial dysfunction, an early step in atherogenesis, occurs following endotoxin exposure in humans [29] [30] [31] . In addition, elevated serum endotoxin is independently associated with arterial stiffness [32] . Finally, chronic elevations in endotoxin have been associated with carotid intima media thickening and incident CVD [33, 34] . These findings suggest that gut dysbiosis and the subsequent increases in circulating endotoxins may lead to adverse changes in vascular function and structure, and elevated CVD risk.
Consumption of non-digestible polysaccharides (i.e. prebiotics) is an effective way to improve overall gut health [35, 36] . Prebiotics are "selectively fermented ingredients that result in specific changes in the composition and/or activity of the gastrointestinal microbiota, thus conferring health benefit(s) upon host health." [37] Commonly used prebiotics include inulin-type fructans, fructo-oligosaccharides, xylo-oligosaccharides and galacto-oligosaccharides [38] . In rodents, the proliferation of a targeted bacterial species (i.e. Bifiodobacterium spp. and Lactobacillus spp.) contributes to host cardio-metabolic health by reducing intestinal permeability, endotoxin concentration, and pro-inflammatory cytokines [38] [39] [40] [41] . In humans, the prebiotic inulin appears to be particularly efficacious in increasing the abundance of Gram-positive Bifidobacteria, while decreasing the proportions of Gram negative bacteria (see reviews [42, 43] ). However, the potential benefits of prebiotic supplementation on cardio-metabolic dysfunction in humans are unclear.
The identification of inulin supplementation as a simple and efficacious strategy for reducing cardio-metabolic risk in individuals at risk for T2D could impact clinical practice by informing dietary recommendations and increasing acceptance of prebiotics by the scientific and medical community. In turn, our findings could lead to enhanced adoption and maintenance of inulin supplementation as a cardio-metabolic risk-reducing behavior in individuals at risk for T2D.
Aims and hypotheses
The general aim of this clinical efficacy trial is to determine the effect of prebiotic supplementation with inulin on cardio-metabolic function in those at risk for T2D. For reference, a conceptual framework figure has been provided ( Fig. 1 ) along with the specific aims and hypotheses:
Aim 1: To determine whether prebiotic supplementation with inulin improves insulin sensitivity and skeletal muscle metabolic flexibility in individuals at elevated risk of developing T2D. We hypothesize that prebiotic supplementation with inulin will improve insulin sensitivity and skeletal muscle metabolic flexibility in these individuals.
Aim 2: To determine whether prebiotic supplementation with inulin will reduce arterial stiffness and improve endothelial function in individuals at elevated risk of developing T2D. We hypothesize that prebiotic supplementation with inulin will reduce arterial stiffness and improve endothelial function in these individuals.
Aim 3: To determine the relationship between changes in the gut microbiota (i.e., the abundance of important groups of bacteria such as Bifidobacteria), intestinal permeability, and endotoxin concentration with prebiotic supplementation. We hypothesize that the magnitude of change in Gram-positive gut microbiota, intestinal permeability, and endotoxin concentrations with prebiotic supplementation will be correlated with the magnitude of change observed in the aforementioned metabolic and cardiovascular variables. The primary outcome is change in insulin sensitivity following treatment. Secondary outcomes include skeletal muscle metabolic flexibility, arterial stiffness, and endothelial function.
Study design

Overview
The Virginia Tech Institutional Review Board has approved the study protocol. The nature, purpose, risks and benefits of the study will be explained to each potential participant before obtaining written and verbal informed consent. We will include 48 adults with prediabetes or at increased risk for T2D, as determined by the American Diabetes Association (ADA) Diabetes Risk Screener [44] . Eligibility and exclusion criteria are presented in Table 1 . Participants will be randomized to 6 weeks of prebiotic supplementation (inulin) or a placebo (maltodextrin), and will be provided with all of their food and beverages for the 6-week intervention period to avoid the potential confounding effects of differences in dietary intake on the gut microbiome. Measurements of outcome variables will be performed at baseline and following 6 weeks of treatment (Fig. 2) .
A double-blind, placebo-controlled, parallel group design will be utilized for the present study. All participants who successfully complete the screening process will be enrolled in the study. Following baseline measurements, individuals will be randomized to one of two groups: supplementation with 10 g/d of inulin, or with 10 g/d of maltodextrin (placebo) for 6 weeks. Product details are provided in the following section. The supplements will be mixed into water and provided with the supervised breakfast meal consumed in the laboratory dining facility. An inulin dose of 10 g/d was selected as the prebiotic type and dose because it is well-tolerated [45] and increases fecal Bifidobacteria within as few as 2 weeks [42, 43] . Importantly, Bifidobacteria are the most common prebiotic target [42, 43] and have been shown to reduce endotoxin concentrations and improve gut barrier function [46] [47] [48] [49] . The 6-week feeding period duration was selected to allow adequate time for changes in the gut microbiota to exert its hypothesized effects and to improve the feasibility of diet adherence while considering the participant burden associated with a controlled feeding study. Randomization will be stratified by gender under the supervision of an individual not involved in the collection or analysis of the study data. Separate randomization schemes will be developed for males and females to ensure equal numbers within each gender strata. Individuals performing outcome measurements will be appropriately blinded.
Product standardization and palatability testing
Participants will be supplemented with 10 g/d of either inulin (Frutafit® IQ, Sensus American, Inc., Lawrenceville, NJ; 2 kcal/g) or placebo (maltodextrin; 4 kcal/g) for 6 weeks. All participants will begin taking inulin or the placebo at a 5 g loading dose the first 7 days prior to taking to full 10 g amount. Frutafit® IQ is composed of 100% inulin from chicory root. The nutrient composition of the supplements will be accounted for in the standardized diets (Section 3.3) by using an average of 30 kcal and 10 g carbohydrate per day. By comparison, usual intake of inulin in the US population is 2.6 g/d, primarily from wheat products and onions [50] . Fruitafit IQ was obtained from a single lot for the entire study along with a certificate of analysis documenting the composition and purity of the product.
Prior to the onset of the trial, the palatability and solubility of both supplements (10 g dose) in water and in orange juice (one cup) were assessed by the research staff to determine the optimal supplement delivery mode. When mixed into either water or orange juice, both Note: BMI = body mass index; ADA = American Diabetes Association; FBG = fasting blood glucose; OGT = oral glucose tolerance; CHD = coronary heart disease. NSAID = non-steroidal anti-inflammatory drugs. supplements were tasteless and acceptable, and both dissolved well in either beverage. Due to the calorie-controlled nature of the study diets, water was selected as the beverage for supplement delivery.
Diet design and standardization
All participants will be fed a standardized diet (55% carbohydrate, 30% fat [8% saturated fat], 15% protein) isocaloric to their individual energy requirements for 6 weeks to avoid the potential confounding effect of individual differences in dietary intake on the gut microbiota. The standardized diets will be prepared in the Metabolic Kitchen and Dining Laboratory at Virginia Tech, by ServSafe®-certified research assistants, and consist of a 7-day cycle of menus with 3 meals and a snack. Menus will be developed for each day for each of the following 5 cal levels: 1500 kcal, 2000 kcal, 2500 kcal, 3000 kcal, 3500 kcal. An example of a one-day menu for the 2000 kcal level with nutrient information is provided in Table 2 . Probiotic foods (e.g., yogurt) will be excluded from the diet. Daily soluble fiber intake will be maintained at ≤ 2 g/1000 kcal and total dietary fiber will be maintained at or below the US daily average intake of 8 g/1000 kcal [51] [52] [53] [54] . Sodium intake will be maintained at less than 3000 mg/d, except for the 3500 kcal level, which will be under 3500 mg/d [55, 56] .
The process used for menu development was as follows. First, a list of readily available food items (i.e., from local grocery stores, commercial food suppliers) was selected for inclusion in the controlled diets by a research dietitian. The label information for each food item selected was then matched to a comparable item in the nutritional analysis software's database (Nutrition Data Systems for Research; NDS-R, Nutrition Coordinating Center, University of Minnesota), that provided detailed nutrient composition information on each food item used in the controlled diet. The research dietitian then developed 7 days of menus to meet the daily calorie and nutrient targets for each of the 5 kcal levels. Individual macronutrients were considered acceptable if they were ±5 g of the daily targeted amount, with the exception of soluble fiber, that was ±1 g of the daily targeted amount. The menus were then reviewed by a second research dietitian to verify that the daily energy and nutrient target levels were achieved, and that the proposed food portions were reasonable. After verification that daily energy and nutrient target levels were achieved, daily food preparation forms were developed for each day of the controlled diet that provided gram amounts for each food item and preparation instructions for the metabolic kitchen research assistants.
Energy requirements for each participant will be determined using estimated resting energy expenditure based upon age, weight, height, and sex multiplied by an activity factor based on self-reported physical activity levels [57] . Participants will consume breakfast in our dining facility and be given their daily dose of inulin or placebo (mixed into water) at this supervised meal for each day of the controlled diet. The remainder of their meals for the day will be taken with them in a large portable cooler bag. The menu and instructions (i.e., for food preparation; to consume all foods provided, etc.) for the day will be included. Any uneaten items will be returned to the metabolic kitchen the following day, weighed by the research assistants, and recorded on the food preparation sheet for that participant. Participants will be blinded from their weight and weighed at each visit during the controlled feeding period, and any trend of N1.0 kg weight loss or gain over a 3-day period will be countered by the addition or subtraction of 250 kcal food modules (e.g., 45 g low-sodium saltines, 20 g Swiss cheese) with the same macronutrient composition as the overall diet. Participants will be permitted to consume no more than three 6 fl oz. caffeinated beverages daily [58, 59] . Caffeinated beverages allowed during the 6-week controlled feeding period will consist of unsweetened tea and coffee, which will be brewed in the metabolic kitchen. At each visit, participants will be asked to report if any non-study food or beverage were consumed since the preceding laboratory visit. Participants were instructed not to consume food and beverages (excluding water) outside the study diet. Participants who repeatedly (N3 d/week) fail to consume 100% of the prescribed diet will be excluded.
Participant recruitment and screening
Recruitment will take place over a 2-year period. Direct mailers, advertisements in local newspapers, campus email listservs, and posted flyers will be utilized as recruitment methods. Individuals who contact the research coordinator will be emailed a link to an online screening survey to determine if they meet basic eligibility criteria (age, body mass index and medical/supplement use). Those who meet these basic eligibility criteria will be sent the informed consent form that provides details about the study requirements and an initial in-person visit will be scheduled. During this visit verbal and written consent and, subsequently, a detailed health history will be obtained from each eligible volunteer. If a participant meets all eligibility criteria (Table 1) , subsequent baseline testing visits will be scheduled (Fig. 2) .
Procedures
Participants will be instructed to arrive for laboratory testing between 7:00 am and 10:00 am after a 12 h overnight fast (including abstinence from caffeine containing foods/beverages) and having performed no vigorous physical activity for the previous 48 h. In addition, participants will report being free of acute illness/infection for the prior 2 weeks and a supplementary infection and inflammation questionnaire will be answered. Participants will undergo 5 laboratory visits at baseline and again following the 6-week intervention (Fig. 2) .
Body mass and composition
Participants will be weighed on a digital scale accurate to ±0.1 kg, and height will be determined using a scale-mounted stadiometer (Scale-Tronix Inc.; White Planes, New York). Body composition will be assessed using dual energy X-ray absorptiometry (Prodigy Advance, GE Healthcare) by a limited licensed radiologic technician as required by the Virginia Department of Health.
Plasma lipids and lipoproteins concentrations
Plasma lipid and lipoprotein concentrations (i.e., total cholesterol, high-and low-density lipoprotein cholesterol, and triglycerides) will be measured in a Clinical Laboratory Improvement Amendmentscertified laboratory (Solstas Lab Partners) ( Table 1) .
Resting blood pressure
Mercury sphygmomanometry will be used to measure blood pressure (BP) according to American Heart Association guidelines [60] . Participants will be instructed to remain seated and resting for 10 min prior to the first BP measurement with a minimum of 1 min between each BP measurement. Participants will be instructed to keep both feet on the floor without crossing legs, and the right arm will be supported at heart level. Blood pressure will be measured twice on participants who display a normal or pre-hypertensive value on the first measurement. The average of two additional measurements will be used for participants with an initial blood pressure in the hypertensive range.
Habitual physical activity and dietary intake
Physical activity levels will be assessed during screening via the Godin Leisure Time Questionnaire to insure participants are sedentary to minimally active [61] . Upon study enrollment, habitual physical activity level will be assessed at baseline and follow-up using the ActiGraph GT3x accelerometer (ActiGraph LLC, Pensacola, Florida, USA). The ActiGraph GT3x is a triaxial accelerometer designed to measure physical activity for extended periods of time and will be utilized in this study to monitor activity over four consecutive days (3 weekdays and 1 weekend day) to capture 60% of the workweek and 50% of the weekend. The ActiGraph will be initialized to record continuously at 15-s epochs (i.e. time intervals) and will be analyzed using the Freedson cut-point equations [62] . In addition to wearing the accelerometer, participants will be sent home with a form and instructions to note the wear time and non-wear time and any pertinent notes regarding why the accelerometer was removed (i.e. sleeping, showering, etc.). All non-wear times will be excluded from the analyses conducted in the accompanying manufacturer software. Participants will wear the accelerometer for 4 consecutive days on the right hip at each assessment point to ensure compliance with our instructions to maintain baseline levels of habitual physical activity [63] . Assessment will occur concurrently with habitual dietary intake assessment.
Baseline dietary intake, including total energy and macronutrient intake, will be assessed using detailed 4-day food intake records.
Participants will be instructed on procedures for measuring and recording food intake for 4 consecutive days. Participants will be provided with detailed recording forms, and a booklet of 2-dimensional food models to assist with accurate portion size determination. Returned records will be reviewed with the participant by research staff to ensure clarity and completeness of the food intake record. Records will be analyzed by trained research assistants using the NDS-R software (v. 2014) to determine participant's habitual dietary energy and macronutrient intake. Participants with who are taking prebiotic supplementation will be asked to discontinue for a minimum of 3-months prior to participating in the study.
Intestinal permeability
Intestinal permeability will be assessed using the four-sugar probe procedure [64] [65] [66] . Following an overnight fast, participants will ingest 40 g sucrose (Spectrum Chemical MFG. Corp., Gardena CA and New Brunswick, NJ), 5 g lactulose (Qualitest Pharmaceuticals, Huntsville, AL), 1 g mannitol (Spectrum), and 1 g sucralose (Spectrum) in 500 ml water [64] [65] [66] . Participants will be instructed to consume an additional 500 ml of water within a 2-h timeframe following consumption of the sugar probe. In addition, participants will be provided a standardized sucrose-free meal to consume within the first 5 h of the urine collection period. All of the food consumed that day will be free of artificial sweeteners. Urine will be collected from 0 to 5 and 6-24 h in containers with 5 ml 10% thymol (VWR, Radnor, PA) to inhibit bacterial growth. Total urine volume will be recorded, and aliquots frozen at −80°C for later analysis. Urinary sugars will be measured on a Waters Acquity UPLC-TQD [67] . Permeability will be defined as % urinary excretion and excretion ratios for sugars from hours 0-5 (upper GI) and hours 6-24 (lower GI) [64] [65] [66] [67] . Fig. 3 shows LC-MS chromatogram of an internal standard and each of the 4 sugars recovered from urine of 1 of the Co-I's (AN) 5 h after ingestion.
Plasma endotoxin and inflammatory cytokine concentrations
Plasma endotoxin concentration will be determined using the PyroGeneTM Recombinant Factor C Endotoxin Detection Assay (Lonza International). Pro-inflammatory cytokines (TNFα, IL-6, and MCP-1) in plasma will be measured by ELISA (American Diagnostica Inc., New York, NY).
Glucose tolerance and insulin sensitivity
Oral glucose tolerance tests (OGTT) will be used to determine eligibility during baseline screening. Following baseline blood sampling, participants will consume a single 10 fluid ounce beverage containing 75 g glucose (Sun-Dex, Fisherbrand, Fisher Scientific, Hanover Park, IL). A second blood sample will be obtained 120 min following consumption of the beverage. Thresholds for normal, prediabetic and diabetic at the 2 h time point are: b 140 mg/dl, 140-200 mg/dl, and N 200 mg/dl, respectively [68] .
Whole body insulin sensitivity will be estimated using Bergman's minimal model (MINMOD Millennium) during a modified frequentlysampled Intravenous Glucose Tolerance Test (IVGTT) [69] . Intravenous catheters will be inserted in an antecubital vein of each arm for blood collection or glucose and insulin injection. Two baseline plasma blood samples ((t) = − 10 and − 1 min) will be drawn. Glucose (0.3 g/kg; 50% solution) will be injected at time 0 and insulin (0.025 U/kg) will be injected at (t) = 20 min. Additional blood samples (3 ml) will collected at (t) = 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, 16, 18, 22, 23, 24, 25, 27, 30, 40, 50, 60, 70, 80, 90, 100, 120, 150, and 180 min during the 3-h protocol. Plasma glucose concentration (mg/dl) will be analyzed immediately using a YSI Glucose Analyzer (Yellow Springs, OH). Insulin (μU/ml) will be determined later via an ELISA (ALPCO Diagnostics, Salem, NH). Samples will analyzed in duplicate.
Skeletal muscle biopsies, substrate metabolism, and metabolic flexibility
Participants will arrive for testing after a 12-h overnight fast. Muscle biopsies in the vastus lateralis will be obtained using a modified Bergstrom needle technique. Following local anesthesia (2% lidocaine), a 1.0 cm incision will be made through the skin and fascia. Biopsy tissue obtained will be obtained using a multi-pass approach. The incision will be closed with a steri-strip.
A catheter will be inserted in an antecubital vein for a baseline blood sample following the first biopsy. Participants will then be provided with a high-fat test meal (Breakfast-style sausage biscuits; 850 kcal; 63% of energy from fat; 21% saturated fat), which will be consumed within a 10-min period. The test meal will be followed by hourly blood sampling for 4 h, in addition to the initial baseline blood sample, and a second muscle biopsy will occur at the 4-h mark. After the second biopsy, participants will be given a snack and standardized discharge instructions.
Fatty acid, glucose, and pyruvate oxidation will be assessed in skeletal muscle homogenates, prepared from~100 mg of biopsied tissue, using [1- 14 C]-palmitic acid, [U-14 C]-glucose, and [1-14 C]-pyruvate, respectively, as previously described. [24, 70, 71] Briefly, complete and incomplete fatty acid oxidation will be assessed by measuring 14 C-CO 2 and acid soluble metabolites, respectively. Glucose and pyruvate oxidation will be assessed by measuring 14 C-CO 2 production. Metabolic flexibility will be assessed by measuring 14 C-CO 2 production from the oxidation of [1-14 C]-pyruvate with/without the presence of non-labeled palmitic acid. Reductions in pyruvate oxidation in the presence of palmitic acid will be examined to assess metabolic flexibility.
Cardiovascular outcomes
Flow mediated dilation (FMD) of the brachial artery will be assessed using duplex ultrasonography (HP Sonos 7500) with a high resolution linear array transducer according to published guidelines [72] and recent recommendations [73] . Reactive hyperemia will be produced by inflation of a pediatric BP cuff around the forearm for 5 min. Off line analysis of baseline and post-reactive hyperemic diameters and velocities will be performed using edge detection software (Vascular Analysis Tools, Medical Imaging Applications, Inc). Endothelium independent vasodilation (EID) will be assessed by measuring brachial arterial dilation for 10 min following administration of 0.4 mg of sublingual nitroglycerine. Both FMD and EID will be expressed as mm and % change from baseline diameter.
Carotid-femoral (C-F) pulse wave velocity (PWV), our primary measure of arterial (aortic) stiffness, will be obtained by serially measuring carotid and femoral artery waveforms using a high fidelity, non-invasive applanation tonometer (NIHem, Cardiovascular Engineering, Inc.) as previously described [74, 75] . Briefly, subjects will be studied in the supine position after~10 min of rest. A semi-automated computed controlled device will be used to auscultate brachial arterial pressure between 3 and 5 times at 2-min intervals, in order to obtain BP stability (± 5 mmHg difference for both systolic and diastolic blood pressure). Next, a high fidelity finger probe tonometer will be used to obtain carotid, brachial, radial, and, femoral artery waveforms over 10-20 cardiac cycles. Arterial waveforms will then be saved to a computer device for later analysis. Body surface measurements will be made from the suprasternal notch (SSN) to the carotid, brachial, and radial recording sited using a Gulik tape measure and to the femoral recording site using a large caliper.
Tonometry waveforms will be signal-averaged and the electrocardiogram R wave will serve as a fiducial point [75] . BP values will be read by an experienced reviewer and the average of the systolic and diastolic BP will be used to calibrate the peak and trough of the signal averaged brachial waveform. Brachial diastolic and mean arterial pressures will then be used to calibrate the other arterial waveforms. C-F PWV will be calculated by dividing the travel distance (SSN to carotid recording site − SSN to the femoral recording site) by the travel time obtained from the foot to foot of the signal-averaged carotid and femoral pulse waves β-Stiffness index, a relatively BP independent index of carotid artery stiffness, will be measured using an ultrasound unit (Sonos 7500, Phillips Medical Systems) equipped with a high-resolution linear array transducer (3-11 MHz) and applanation tonometry (NIHem, Cardiovascular Engineering, Inc.) as previously described [76] . Briefly, after resting in the supine position for~20 min, longitudinal B mode images of the cephalic portion of left common carotid artery, 1-2 cm proximal to the carotid bulb, will be obtained over 15 cardiac cycles by placing the transducer at a 90°angle over the artery. When clear visibility of the near and fall walls are obtained, the images will be stored on an optical disk for offline quantification. The maximal and minimal carotid artery diameters of 3 consecutive cardiac cycles will be acquired with commercially available software (Vascular Research Tools 5, Medical Imaging Applications, fig. 3 . Liquid chromatography-mass spectrometry chromatogram of internal standard and 4 sugars recovered from urine of Co-I (AN) 5 h after ingestion. LLC). Carotid artery BP will be acquired from applanation tonometry of the carotid artery and brachial artery auscultation as described above. β-Stiffness index will be calculated as:
, where P1 represents carotid artery systolic pressure, P0 represents carotid artery diastolic pressure, D1 represents the maximal diameter recorded during systole, and D0 represents the minimal diameter recorded during diastole.
Assessment of gut microbiota
Stool samples will be collected daily for 3 days at baseline and the final 3 days of supplementation during the intervention. Participants will be provided with sterile plastic containers intended for stool sampling (Omnigene gut for microbiome, Owatonna, ON, Canada). Samples will be kept in a portable refrigerated cooler, and delivered to the Human Integrative Physiology Laboratory within 24 h of collection. The sample will be immediately frozen at −80°C until final processing and analysis. Total bacterial DNA will be extracted from fecal samples using QIAamp DNA Stool Mini kit (QIAGEN California). Total fecal bacterial copies will be assessed using real-time quantitative polymerase chain reaction (qPCR) of the housekeeping gene rpoD and aliquots from the 3 composite days mixed equally. Abundance of select bacteria (Bifidobacterium, Lactobacillus), previously shown to be modulated by inulin will also be quantified by qPCR with previously published primers. Fecal bacterial community composition will be assessed using Tag-Encoded Pyrosequencing. The V4 region of the bacterial 16S rRNA gene will be amplified from fecal microbial DNA using barcoded PCR primers [77] . Additionally a specific barcoded primer for Bifidobacterium will be used to amplify this group of bacteria, which has been shown to be under-represented by standard primer sets [78] . The amplicons from each reaction will be mixed in equal amounts based on concentration and will be subjected to sequencing using the Illumina MiSeq platform. Baseline fecal bacterial compositions will be compared to fecal samples obtained after 6 weeks supplementation with inulin and a detailed characterization of the gut microbiota performed via bioinformatics pipelines including MG-RAST [79] .
Side effect monitoring
Participants will be asked to report any side effects they experience during the intervention period. Gastrointestinal side effects related to the diet and/or treatment will be recorded using a standardized questionnaire, and addressed by study personnel. The side effect questionnaire will rate gas/bloating, nausea, flatulence, cramping, diarrhea, constipation, and GI rumbling from none (rating of 0) to severe (rating of 3) [45] .
Data analysis
Power analysis
Sample size/power calculations were based on the number of participants needed to detect statistically (P b 0.05) and physiologically/clinically significant differences in the magnitude of change in insulin sensitivity and aortic PWV with prebiotic supplementation compared with placebo. With 2 groups, 2 repeated measures, and α = 0.05 we will have greater than 80% power to detect significant group by time interactions for an effect size as small as 0.50 with minimum sample of n = 20 participants per group. Our conservative estimate is for 20% attrition and hence we plan for n = 24 per group or a total n = 48 participants. Using our prior published and unpublished data, we estimated an effect size (prebiotic-placebo/S.D.) of 0.61 for insulin sensitivity (+ 20 ± 32%) and 0.54 for aortic PWV (− 20 ± 37% difference in the reduction). As such, we will have greater than 90% power to detect significant group by time interactions. If dropouts exceed the 20% level, we will recruit additional participants to achieve our desired sample size.
Statistical analysis
We will conduct descriptive univariate analyses on all study variables. Data will be examined for the presence of outliers, violations of normality and missing data. Major violations of normality will be corrected with an appropriate transformation procedure. In case of an outlier, rather than transform the data, the outlier will be "Winsorized," that is, replaced by the most extreme value in the tail of the distribution.
To test our hypothesis that prebiotic supplementation will improve insulin sensitivity (primary outcome) and skeletal muscle metabolic flexibility in prediabetic individuals, we will use a multiple-sample repeated measure analysis of variance with between-subject factors approach. This is a common design in randomized controlled trials, where subjects are randomized to different treatment and control groups and followed across time. Because the data are repeated, we will treat the multiple observations as nested within individuals. This will allow us to make a direct comparison between the time points while accounting for the correlation in the data to make the correct inference regarding group differences. For our analysis, the group by time interaction will be of primary interest. A compound symmetry error structure will be chosen for this model. We will use an identical approach for testing our hypothesis associated with specific aim 2. Our study is not designed nor is it powered to detect significant differences in intervention efficacy across the stratification variables (i.e., age, gender, etc.). However, these subsamples will be compared on the main dependent variables at baseline. If the groups are found to be different from each other then they will be entered in the model as a covariate.
Aim 3 is exploratory in nature so we will begin with correlational analyses. We will use analysis of covariance (ANCOVA) with insulin sensitivity (or arterial stiffness) as the dependent variable, the treatment as the independent variable, and endotoxin concentration, serving as the covariate. If changes in endotoxin concentration with inulin supplementation are: 1) directly correlated with changes in insulin sensitivity among the individual subjects, and 2) the treatment is no longer significant in the ANCOVA, this will be interpreted as support for the concept that changes in insulin sensitivity (or arterial stiffness) with inulin supplementation are mediated, at least in part, by reductions in endotoxin concentration. We will use the same approach using percent abundance of bacterial taxonomic groups and intestinal permeability as covariates. Similarly, we will explore whether total fecal bacteria or changes in abundance of other bacterial members are significant covariates. We will also explore this using other approaches, such as mediation analysis or structural equation modeling.
Missing data
We will use an intention-to-treat analysis as our primary analytic approach. We will examine the missing data patterns and utilize maximum likelihood algorithms with the mixed linear model ANOVAs to longitudinally compare our outcomes across the three groups. Maximum likelihood algorithm estimations use all available data to construct weighted averages across the different patterns of missing data to provide valid point estimates and confidence intervals for population parameters [80] . As a secondary analysis, we will conduct a completersonly analysis and restrict the analysis to only those individuals who complete the interventions. In our experience, the two approaches yield similar results. However, if the results differ we will interpret the findings based on the intention-to-treat analysis, but report both so that the readers can reach their own conclusion.
Data management and quality control
The Principal Investigator (PI) will ultimately be responsible for the quality of the data. The project coordinator will be responsible for handling all data, entering data on the study computer, performing data editing, and maintaining a secure filing system for the study data forms that will serve as an ultimate backup (and the source for data random re-entry). Before a form is entered, the data entry staff and PI will inspect the form for completeness and legibility. Each form will be logged into a microcomputer-based system for tracking, validation of assignment, and checked against duplication of visits or forms. This will identify problems in subject records and enable clarification. The data will then be entered into a data entry system that will be constructed to check (1) the validity of the subject identification, (2) each field entered for allowable response (range checks), and (3) validity of examination dates. Data will be duplicate keyed, verified for accuracy, and accumulated and managed using MS Access. Once all data are received, entered, and completeness verified, analysis will proceed with a listing of all data for each subject, summary statistics for all variables at each measurement period, a listing of subjects who are in noncompliance with the study protocol, and statistical analysis.
The PI will ultimately be responsible for quality control of study procedures and measurements. He will supervise performance of all of the various study protocols, questionnaires, forms, and measurements. An operations manual will be developed and the procedures strictly followed. Training sessions will cover all study procedures, including recruitment, informed consent, measurements, and specimen handling. Adherence to the procedures in the operations manual will be assured by periodic assessment and retraining.
Discussion
There is currently little information regarding if or how prebiotics improve cardio-metabolic function in humans, particularly in prediabetic individuals who are at high risk for developing T2D and experiencing cardiovascular events. Although the concept that dysbiosis of the gut microbiota leads to metabolic endotoxemia and increased risk of cardio-metabolic disease is not novel, very little information is available in humans. The significance of this trial includes providing proof of concept efficacy of prebiotic supplementation with inulin on cardio-metabolic dysfunction and assessing its relation with changes in gut bacterial communities, intestinal permeability and metabolic endotoxemia in individuals at increased risk for T2D. Our findings could lead to identification of inulin supplementation as a simple and efficacious adjunctive therapy for reducing cardio-metabolic risk in prediabetes, which could change clinical practice by informing dietary recommendations and increasing acceptance of prebiotics by the scientific and medical community.
There are several innovative aspects of this clinical trial. First, we are testing hypotheses involving a novel concept for which there are little data in humans. Second, we have linked our ideas to the important physiological problem of metabolic endotoxemia that has been implicated in T2D and CVD. Third, we are focusing on individuals at high risk for T2D, including those with prediabetes, who are a growing segment of the population at high risk for adverse CVD-related events that may precede T2D onset. Fourth, hundreds of prebiotic products are available, yet little is known about their cardio-metabolic health benefits. Finally, we may identify a simple and efficacious adjunctive lifestyle approach to reduce T2D and CVD risk. Importantly, if our hypotheses are supported, our findings could have a significant impact on clinical practice and public health.
Potential challenges and limitations
A primary challenge of our study will be participant recruitment, enrollment, and retention. Recruitment will be ongoing and challenges will be addressed and managed via weekly research team meetings. Participant enrollment and retention will be managed by study personnel and the project coordinator. All participants will visit with study personnel a minimum of 3 times/week and any concerns or issues will be immediately addressed by the project coordinator.
Strict adherence to the controlled diet may also pose a challenge to enrollment and retention. To overcome barriers related to the controlled diet, daily menus are designed to reflect the "average U.S. diet." Therefore, the foods consumed during this study will be similar in composition and volume to the participant's habitual intake. All participants will be given menus to review prior to initiating the controlled diet, in order to familiarize them with what they will be expected to consume. Any questions or concerns related to the diet will be addressed at that time by the project coordinator. All participants will be informed of the expectations of the controlled diet component prior during the consenting process. For example, all food must be consumed each day and difficulty consuming any of the food must be reported to study personnel. Strategies such as re-portioning the pre-designated amounts may be utilized. Participants who cannot or will not comply with the controlled diet will be excluded from participating.
Blinding subjects to inulin may be difficult if there are gastrointestinal side effects. However, the nature of the outcomes (biochemical and physiological) and the utilization of a controlled feeding paradigm will minimize any potential for this as a limitation. It is possible that any observed improvement in certain outcomes (e.g., blood lipids) could be attributed to the low saturated fat content of the diet provided. However, we are employing a randomized controlled trial design, and all of the participants will be receiving the same diet. Thus, the impact of the treatment on our outcomes should be preserved.
This investigation should provide vital preliminary data for a larger, more comprehensive trial that would serve to establish the efficacy on the effects of inulin supplementation on cardio-metabolic function in prediabetic individuals. One of the hallmarks of science is replication of study findings. As such, it will be important to replicate the findings of the proposed small clinical trial that may have limited generalizability to a broader context.
Conclusions
To date, the potential benefits of prebiotic supplementation on cardio-metabolic dysfunction in humans has received little attention. This trial will address this important research gap, by exploring the role of the prebiotic inulin in modifying cardio-metabolic risk among adults at increased risk for T2D. The results of this trial could impact clinical treatment approaches, and contribute to the evidence base for developing dietary guidelines that address the amount and types of dietary fiber to consume to maximize health benefits.
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